Highly pathogenic avian influenza virus H5N1 infects a wide range of host species, with a few cases of sporadic pigeon infections reported in the Middle East and Asia. However, the role of pigeons in the ecology and evolution of H5N1 viruses remains unclear. We previously reported two H5N1 virus strains, isolated from naturally infected pigeons in Egypt, that have several unique mutations in their viral polymerase genes. Here, we investigated the effect of these mutations on H5N1 polymerase activity and viral growth and identified three mutations that affected viral polymerase activity. The results showed that the PB1-V3D mutation significantly decreased polymerase activity and viral growth in both mammalian and avian cells. In contrast, the PB2-K627E and PA-K158R mutations had moderate effects: PB2-K627E decreased and PA-K158R increased polymerase activity. Structural homology modelling indicated that the PB1-V3D residue was located in the PB1 core region that interacts with PA, predicting that the PB1 mutation would produce a stronger interaction between PB1 and PA that results in decreased replication of pigeon-derived H5N1 viruses. Our results identified several unique mutations responsible for changes in polymerase activity in H5N1 virus strains isolated from infected pigeons, emphasizing the importance of avian influenza surveillance in pigeons and in studying the possible role of pigeon-derived H5N1 viruses in avian influenza virus evolution.
INTRODUCTION
Influenza A virus is a member of the family Orthomyxoviridae, with virions containing eight segments of negative single-strand RNA. The viral genome replicates in the cell nucleus, catalysed by a viral polymerase complex composed of PB2, PB1 and PA subunits [1] . The trimeric polymerase complex binds to each viral RNA segment and nucleoprotein (NP) to form a ribonucleoprotein (vRNP) for viral replication [2, 3] . Based on the antigenicity of the two virion surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA), influenza A viruses are classified into 18 HA subtypes (H1-H18) and 11 NA subtypes (N1-N11). Almost all combinations of HA and NA subtypes have been detected in viruses isolated from waterfowl, suggesting that waterfowl are natural reservoirs of avian influenza (AI) viruses. Influenza A virus causes a zoonotic disease with significant impacts on both the poultry industry and human public health. In the past, specific subtypes of AI viruses (i.e. H1N1, H2N2 and H3N2) have crossed the species barrier from birds to humans by reassortment events and/or accumulated mutations, causing human pandemics [4] . AI virus HA must change its host cell binding preference from avian-type a2,3-linked sialic acid to human-type a2,6-linked sialic acid for efficient infection in humans [4] . In addition, adaptation of the polymerase complex is critical for efficient viral replication in a new host [2, 3, 5] . The most well-characterized human adaptation mutation is the PB2-E627K substitution. This mutation correlates with high virulence of H5N1 virus in mice and allows the virus to replicate efficiently in the mouse upper respiratory tract [6, 7] .
Highly pathogenic avian influenza virus H5N1 emerged in China in about 1996 and now is endemic in birds in some geographic areas, including China, Indonesia, Vietnam and Egypt [4] . H5N1 viruses have been transmitted sporadically to humans with high mortality (>60 %), presenting a serious global health threat (World Health Organization; http://www. who.int/). In particular, 63 % of recent human H5N1 cases worldwide have been reported in Egypt, which is now regarded as a hot spot for H5N1 virus evolution [8, 9] [10, 11] .
While poultry susceptibility to AI virus infection is well characterized, pigeons were thought to have low susceptibility to AI viruses [12] . However, recent studies reported natural H5N1 virus infections in pigeons in several endemic areas including Egypt [13, 14] . Pigeons are raised in towers built in the backyards of farms and on house roofs in Egypt, providing a potential risk for virus transmission from pigeons to humans. We have previously isolated two H5N1 virus strains from naturally infected pigeons in Egypt [15] . Interestingly, these virus strains share several unique mutations in the functional domains of their polymerase proteins, possibly affecting viral replication. Here, we investigated the effect of these mutations on H5N1 viral polymerase activity and identified the mutations responsible for the distinctive polymerase activity of pigeon-derived H5N1 viruses. Our findings suggested the importance of AI surveillance in pigeons and in studying the possible role of pigeon-derived H5N1 viruses in AI virus evolution.
RESULTS
EGP18 PB1 produced significantly lower polymerase activity We recently isolated two H5N1 clade 2.2.1.1 virus strains from naturally infected pigeons in Egypt, A/pigeon/Egypt/ RIMD18/2009 (EGP18) and A/pigeon/Egypt/RIMD20/ 2009, with several polymerase mutations that have rarely or never been reported before [15] . Although the pathogenicity and host range of influenza viruses are polygenic traits, viral polymerase activity is one of the main determinants of these properties [6, [16] [17] [18] . Therefore, in this study, we investigated the effect(s) of the polymerase mutations in EGP18 on H5N1 virus replication.
We initially compared the activity of the EGP18 polymerase with that of two other avian H5N1 viruses isolated in Egypt, i.e. A/Duck/Egypt/D1Br12/2007 (EGD1) and A/Chicken/ Qalubia/CAI20/2008 (Qalubia20). EGD1 and Qalubia20 are representative strains of ancestral clade 2.2.1 viruses and clade 2.2.1.1 viruses, respectively, and their PB1 gene sequences are phylogenetically related to the EGP18 gene sequence (Fig. 1 ). Viral polymerase activity was determined in human embryo kidney (293T) cells and quail origin fibroblast (QT6) cells by minigenome assays. The results showed that EGP18 polymerase activity was significantly lower than that of EGD1 and Qalubia20 in both 293T cells and QT6 cells (Fig. 2a, b) .
To determine the vRNP-associated protein(s) responsible for low EGP18 polymerase activity, we assayed the polymerase activity of vRNPs composed of a variety of combinations of polymerase complex proteins from EGP18, EGD1 and Qalubia20 viruses. EGP18/PB1 significantly decreased polymerase activity in the genetic background of both EGD1 and Qalubia20 to levels comparable to that of wild-type EGP18 in both 293T and QT6 cells (Fig. 3aÀd) . EGP18/ PB2 moderately decreased polymerase activity in the genetic background of both EGD1 and Qalubia20 in 293T cells (Fig. 3a, c) , but had no significant effect in QT6 cells (Fig. 3b, d ). EGP18/PA in the EGD1 genetic background caused a small increase in polymerase activity in both 293T cells and QT6 cells, but the increase was only significant in 293T cells (Fig. 3a, b) . EGP18/PA in the Qalubia20 genetic background had no effect on polymerase activity in 293T or QT6 cells (Fig. 3c, d ). When one of the vRNP-associated proteins from EGD1 or Qalubia20 was combined with the other vRNP proteins in the EGP18 genetic background, the PB1 of EGD1 and Qalubia20 significantly increased polymerase activity in both 293T and QT6 cells (Fig. 3eÀh) . The increase in polymerase activity was comparable to that of wild-type EGD1 and slightly less than that of wild-type Qalubia20. EGD1 and Qalubia20 PB2, PA and NP showed little effect on polymerase activity in the EGP18 genetic background. These results showed that the decrease in polymerase activity in wild-type EGP18 relative to wild-type EGD1 and Qalubia20 in both mammalian and avian cells was due to the mutation in EGP18/PB1, although EGP18 PB2 and PA had a moderate effect on polymerase activity in these cells. Therefore, we focused on EGP18 PB2, PB1 and PA genes for further analysis.
Low EGP18 polymerase activity was due to the PB1-V3D mutation To identify the amino acid mutation(s) that caused the low polymerase activity of EGP18, the complete PB1, PB2 and PA gene sequences of EGP18, EGD1 and Qalubia20 viruses were compared. Among these three virus strains, there were three, six and five amino acid differences in the PB2, PB1 and PA gene sequences, respectively (Table 1) . Since EGP18 PB1 and PB2 significantly decreased polymerase activity in the genetic background of both EGD1 and Qalubia20 in 293T cells (Fig. 3a, c) , and EGP18 PB1, but not PB2, significantly decreased polymerase activity in the genetic background of both EGD1 and Qalubia20 in QT6 cells (Fig. 3b,  d ), we focused on amino acid substitutions in the PB1 and PB2 genes that were specific to EGP18 (i.e. PB1-V3D, PB1-K363R, PB2-K627E and PB2-A661T).
The PB1-V3D and PB1-V3D/K363R mutations in the EGD1 genetic background decreased polymerase activity to a level comparable to that of wild-type EGP18 in both 293T and QT6 cells, but the PB1-K363R single mutation in the EGD1 genetic background had little effect on EGD1 polymerase activity (Fig. 4a, b) . Also, the PB1-D3V and PB1-D3V/R363K back mutations in the EGP18 genetic background significantly increased polymerase activity in both 293T and QT6 cells (Fig. 4c, d ). Although the polymerase activity of the back mutations in the EGP18 genetic background was still less than that of wild-type EGD1 in 293T cells, the activity was the same as that of wild-type EGD1 in QT6 cells. Similar effects of the PB1 mutations on polymerase activity were also observed at 39 C (Fig. S1 , available in the online Supplementary Material), which is the body temperature of birds, indicating that the mutations had little temperature-specific effects on polymerase activity. These results suggested that the PB1-V3D mutation was a significant cause of the low polymerase activity of EGP18 in mammalian and avian cells.
The PB2-K627E mutation in the EGD1 genetic background did not decrease polymerase activity to a level comparable to that of wild-type EGP18 in 293T cells (Fig. 4e) . However, the polymerase activity of PB2-K627E in the EGD1 genetic background was similar to that of EGP18/PB2 in the EGD1 genetic background. Also, the polymerase activity of EGP18/PB2 with the E627K back mutation in the EGD1 genetic background was similar to that of wild-type EGD1 (Fig. 4f) , implying that the other PB2 mutation, A661T, had a negligible effect on polymerase activity. In addition, the PB2-E627K back mutation had little effect on polymerase activity in the EGP18 genetic background (Fig. 4g ). When Fig. 1 . Phylogenetic relationships of the PB1 genes of EGP18 and other H5N1 clade 2.2.1 viruses isolated in Egypt. This phylogenetic tree was reconstructed from the sequence data of the PB1 genes of 31 representative H5N1 clade 2.2.1 viruses, available in the National Center for Biotechnology Information influenza research database, and two pigeon-derived viruses isolated in our study (black circles). The subgroups formed by these 33 viruses are shown on the right. EGD1, an ancestral clade 2.2.1 virus, and Qalubia20, a clade 2.2.1.1 virus phylogenetically close to EGP18, were used in this study and are marked with blue and red circles, respectively.
Elgendy et al., Journal of General Virology 2017;98:6-17 PB2-K627E was transfected into 293T cells in combination with PB1-V3D in the EGD1 genetic background, the polymerase activity was similar to that of wild-type EGP18 (Fig.  S2a) . The PB2-E627K back mutation combined with the PB1-D3V back mutation in the EGP18 genetic background restored the polymerase activity to a level comparable to that of wild-type EGD1 (Fig. S2b) . These results suggested that PB2-K627E was the primary PB2 mutation causing low EGP18 polymerase activity and that PB2-K627E worked cooperatively with PB1-V3D.
Since EGP18/PA only increased polymerase activity in the EGD1 genetic background, we next investigated the effect of the PA amino acid substitution (i.e. PA-K158R) that was detected in EGP18 and Qalubia20 but not in EGD1. As expected, PA-K158R in the EGD1 genetic background increased polymerase activity in 293T cells to a level comparable to that of EGP18/PA (Fig. 4h) . In a control experiment, PA-A369V, which was only detected in EGP18, had little effect on increasing EGP18 polymerase activity, which confirmed the significance of the PA-K158R mutation on polymerase activity. These results suggested that PA-K158R was the main PA mutation causing the small increase in EGP18 polymerase activity.
The PB1-V3D mutation in EGP18 caused lower viral replication and an appreciable decrease in progeny viruses in infected cells We next examined whether the PB1-V3D mutation, which was mainly responsible for the low polymerase activity of EGP18, also affected viral growth in mammalian and avian cells. Virus growth in Madin-Darby canine kidney (MDCK) cells and chicken embryo fibroblasts (CEFs) was studied by infecting these cells with EGD1 and an EGD1 variant carrying the PB1-V3D mutation, generated by reverse genetics, and monitoring progeny virus production in the culture supernatants. The recombinant EGD1 virus was denoted rEGD1. The PB1-V3D mutation significantly decreased progeny virus production in MDCK cells, with up to 166-fold less progeny virus than in wild-type rEGD1 (Fig. 5a ). In addition, the PB1-V3D mutation decreased progeny virus production in CEFs with 7.7-fold less progeny viruses than in wild-type rEGD1 at 24 h post-infection (p.i.) (Fig. 5b) . These results were in agreement with the data of plaque assays of infected MDCK cells, in which the rEGD1 variant carrying PB1-V3D produced smaller plaques than wild-type rEGD1 (Fig. 5c ). In addition, the rEGD1 variant with PB1-V3D produced significantly less progeny virus RNA than wild-type rEGD1 in infected MDCK cells (Fig.  S3 ), indicating that low intracellular progeny virus RNA production due to the PB1-V3D mutation resulted in decreased viral growth. For comparison, we also studied the growth kinetics of the parental EGD1 and EGP18 virus isolates in MDCK cells and CEFs. In both cells, parental EGP18 had slower growth than parental EGD1, especially at the early stage of infection (Fig. 5d, e) . Therefore, the difference in progeny virus yield in MDCK cells and CEFs infected with the recombinant viruses in this study was generally correlated with the growth kinetics of the virus isolates. While the progeny virus yield of parental EGD1 and EGP18 was similar in MDCK cells, the progeny virus yield of rEGD1 carrying the PB1-V3D mutation was lower than that of rEGD1. This was probably due to the effect of other mutations in both polymerase and structural genes in EGP18, which may provide a replicative advantage for EGP18. In total, these results indicated that the PB1-V3D mutation led to lower polymerase activity and an 
(f) 1000 100 10 1 Relative polymerase activity (%) The PB1-V3D mutation affected the interaction between PB1 and PA in polymerase complex formation to reduce polymerase activity To investigate the structural basis for the changes in EGP18 polymerase activity, we generated models of the EGD1 polymerase complex structure from a recent X-ray crystal structure model of the heterotrimeric polymerase complex of influenza A virus (Protein Data Bank ID code 4WSB) [19] . Our models indicated that the three mutations that affected viral polymerase activity in this study (PB1-V3D, PB2-K627E and PA-K158) were located on the surface of the trimeric EGD1 polymerase complex (Fig. 6a) . Interestingly, PB1 residue 3 was also located at the interface region with PA, and the PB1-V3D mutant aspartic acid formed hydrogen bonds with side chains of the PA carbon backbone, both at 412N and 635K (Fig. 6b) , stabilizing contact between PB1 and PA. Our simulation also predicted that the PB1-V3D mutation markedly increased the interaction energy between PB1 residue 3 and others in the trimeric polymerase complex, between PB1 residue 3 and PA, between PB1 and PA and between PB1 and PA-PB2 by >60 kcal mol À1 (Table 2) . These results were in agreement with those by another simulation method (Table S1 ), which supported the conclusions based on the modelling in this study. In contrast, conservative PB1-V3I and PB1-V3L mutations had little or less impact on their interaction energy (Table 2 ), in agreement with minigenome assay data showing that these conservative mutations have similar polymerase activity as wild-type EGD1 with PB1-3V (Fig. S4) . Taken together, these results suggested that there was strong interaction energy between PB1-3D and PA, thereby changing the conformation of the H5N1 polymerase complex to reduce its polymerase activity.
DISCUSSION
H5N1 viruses have caused outbreaks in domestic poultry and sporadic infections in pigeons in endemic areas [12] [13] [14] . Although domestic poultry have been well characterized as a host and reservoir for H5N1 viruses, information about H5N1 epidemiology in pigeons, including the genetic traits of pigeon-derived virus strains, has been limited. We previously isolated two H5N1 virus strains, from naturally infected pigeons, that had several unique mutations in their polymerase genes [15] . We have expanded that study here to investigate the effects of these mutations on H5N1 polymerase activity and replication kinetics. We found that the polymerase activity of EGP18, one of the pigeon H5N1 Among these mutations, the PB1-V3D mutation was the main cause of the distinctive polymerase activity and viral growth of EGP18 in both 293T and QT6 cells. To our knowledge, this is the first report identifying a genetic trait of H5N1 viruses isolated from pigeons.
The heterotrimeric influenza polymerase is a complex of PB2, PB1 and PA proteins, with each having conserved protein-protein interaction regions [2, 3] . The clade 2.2.1 virus polymerase structure models used in this study indicated that the PB1-V3D mutation was located in the interface region with PA. An X-ray crystallographic model showed that the N-terminal region of PB1 (residues 1-25) interacted with the C-terminal region of PA (residues 257-716) in the genetic background of A/goose/ Guangdong/1/96 (H5N1) [20] . A previous study also reported that the PB1-V3D mutation reduced the PB1 binding affinity with PA by two-thirds, with a significant reduction in polymerase activity and a loss of the ability to rescue recombinant virus in a reverse-genetics system in the A/WSN/33 (H1N1) genetic background [21] . These results suggested that PB1 residue 3 was the critical site in the interaction interface between PB1 and PA in the H5N1 genetic background. Our model, based on the results of this study, indicated that the PB1-V3D mutation, which significantly reduced EGP18 polymerase activity, modified the structure and energetics of formation of the H5N1 polymerase complex to produce a more stable polymerase complex. In contrast, a previous mammalian two-hybrid approach showed that the PB1-V3D mutation reduced the binding between PB1 and PA of A/WSN/ 1933 (H1N1) [21] . These results indicated that the effect of the PB1-V3D mutation may depend on the genetic background of the influenza A virus subtype. Influenza virus polymerase functions are dependent on formation of an appropriate heterotrimeric polymerase complex, in which conformational flexibility of the complex structure is vital for its function [22] . In total, these results suggested that the PB1-V3D mutation might excessively increase the interaction between PB1 and PA, to produce a decrease in the catalytic activity of the trimeric EGP18 polymerase complex.
The phylogenetic tree reconstructed from the sequence data of H5N1 clade 2.2.1 virus PB1 genes ( Fig. 1) had an identical clustering pattern as the trees reconstructed from PB2 and PA gene sequences [15] . Strains with the PA-K158R mutation formed a small branch with two chickenderived virus strains, A/chicken/Qalubia/CAI12/2008 and A/chicken/Qalubia/CAI20/2008, that were isolated in geographic areas close to where the two pigeon-derived virus strains in our study, EGP18 and A/Pigeon/Egypt/RIMD20/ 2009, were isolated. This indicated that the PA-K158R mutation was associated with the phylogeny of clade 2.2.1.1 viruses in the local bird population. In contrast, the PB1-V3D mutation was only found in the two pigeon-derived viruses in this study and, to our knowledge, has not been detected in other H5N1 viruses in Egypt and Asia. The PB2-K627E mutation was also not detected in any virus phylogenetically close to EGP18, although this mutation was present at low prevalence (6.0 %, 8/133) in avian virus strains in Egypt. This indicated that avian clade 2.2.1.1 viruses, which also carried the PA-K158R mutation, may acquire the PB1-V3D and/or PB2-K627E mutation during viral growth in pigeons. Collectively, these results suggested that unique or rare polymerase mutations have emerged during the complex dynamics of H5N1 infections in pigeons and domestic poultry in Egypt.
Several reports showed a range of susceptibilities to AI viruses in pigeons [12, 23, 24] . The consensus of those studies was that H5N1 viruses can infect pigeons, resulting in virulent or inefficient replication cycles. Experimental studies of H5N1 virus infections of pigeons also showed virus shedding from both nasopharyngeal and cloacal swabs, although these were at limited or minimal levels relative to the dose required to infect other birds [12, [25] [26] [27] [28] [29] . EGP18, one of two clade 2.2.1 virus strains isolated from tracheal swabs from naturally infected pigeons with clinical symptoms [15] , was used in this study. Although EGP18 produced lower growth than other clade 2.2.1 and clade 2.2.1.1 viruses in both mammalian and avian cells, it was able to grow in the MDCK cells and CEFs in this study. In addition, an rEGD1 virus carrying the PB1-V3D mutation, which was primarily responsible for low EGP18 polymerase activity, was successfully rescued in the reverse-genetics system in this study. Taken together, these findings showed that there were H5N1 virus variants with distinctive replication activity in the tracheal swabs of naturally infected pigeons, suggesting possible excretion and transmission of H5N1 virus variants from pigeons to other species.
Polymerase genes are one of the major determinants of influenza virus infection and adaptation to new hosts [2, 3] . The PB1-V3D and PA-K158R mutations have not been detected in other pigeon-derived H5N1 viruses in Asia, to our knowledge. However, the PB2-627E mutation has been detected in Asian H5N1 viruses isolated from a wide range of bird species including pigeons. Therefore, it seems unlikely that the mutations in this study were widespread pigeon-adaptive mutations that provided a replicative advantage for H5N1 viruses in pigeons. However, the selective advantage for the emergence of these unique polymerase mutations during viral replication in pigeons remains unclear. Since this study was designed to characterize the unique and rare mutations in H5N1 variants isolated from pigeons using human and poultry cells, but not in pigeon cells, further analyses using pigeon-derived materials are needed to investigate whether pigeons may be a dead-end host or can spread AI viruses to different populations, including humans, since pigeons live close to human activity. In conclusion, our results showed that several unique and rare mutations that were identified in H5N1 viruses isolated from naturally infected pigeons produced distinctive changes in viral polymerase activity. These results suggested the importance of AI surveillance in pigeons and may provide new insight into the possible role of pigeons in AI virus evolution. riken.jp/lab/cell/english/) and maintained in Dulbecco's modified Eagle's medium or Ham's F-12K medium supplemented with 10 % heat-inactivated FCS at 37 C in a humidified atmosphere of 95 % air and 5 % CO 2 as previously described [30] . CEFs were prepared from 10-day-old embryonated eggs.
METHODS

Virus preparation
Influenza viruses were grown in 10-day-old embryonated chicken eggs. The allantoic fluid was then harvested and stored at À80 C as seed viruses. For subsequent studies, allantoic fluids and culture supernatants were pre-cleared by minigenome assays. Polymerase activity was determined for EGD1 PB1 mutants (a, b), EGP18 PB1 mutants (c, d), EGD1 PB2 mutants (e), EGP18 PB2 mutants in the EGD1 background (f), EGP18 PB2 mutants (g) and EGP18 PA mutants in the EGD1 PA background (h). Each polymerase activity was normalized to the internal Renilla luciferase activity and expressed relative to wild-type EGD1 (a, b, e, f, h) and EGP18 (c, d, g). Each data point is the mean±SD of three independent experiments. Double and single asterisks indicate P value <0.01 and <0.05, respectively (one-way ANOVA with Tukey's multiple comparison test). Equality of the variances among groups was analysed with the Brown-Forsythe test. by centrifugation at 1860 g for 20 min and filtration through 0.45 µm filters, and aliquots were stored at À80 C as working stocks. Virus titres were assayed as f.f.u. by focus-forming assays using MDCK cells [31] . All experiments with live H5N1 viruses were performed at Biosafety Level 3 in Kyoto Prefectural University of Medicine, which has been approved for handling H5N1 viruses by the Ministry of Agriculture, Forestry and Fisheries of Japan. All studies with recombinant DNAs were conducted under the applicable laws in Japan and approved by the Biological Safety Committee of Kyoto Prefectural University of Medicine (approval number 25-2).
Minigenome assays
Minigenome assays were performed as described previously [16] . Briefly, 293T and QT6 cells (90 % confluent in 24-well plates) were transiently transfected with the following plasmid mixture: polymerase-II-driven pcXN2 plasmids, each expressing the PB2, PB1, PA or NP gene, and a human or chicken polymerase-I-driven pPol plasmid expressing a negative-sense RNA containing a firefly luciferase reading frame bounded by the 5¢-and 3¢-UTRs of influenza virus EGD1 vRNA. Mutant PB2, PB1 and PA genes were generated by PCR-based site-directed mutagenesis. To monitor transfection efficiencies, cells were also transfected with a polymerase-II-driven plasmid expressing Renilla luciferase. The total amount of plasmid mixture was 1 µg per well and the PB2/PB1/PA/NP/Pol I/Renilla luciferase ratio was 5 : 5 : 5 : 30 : 5 : 1. Cells were transfected with the plasmid mixture using TransIT-LT1 (Mirus) and incubated at 37 or 39 C. At 48 h post-transfection, the cells were lysed, and luciferase activity was determined by the dual-luciferase assay system (Promega) according to the manufacturer's instructions. Luciferase activity values were normalized relative to the Renilla luciferase activity.
Generation of recombinant viruses by reverse genetics
Recombinant viruses in the EGD1 genetic background were generated with a plasmid-based reverse-genetics system as previously described [16, 30, 32] and propagated by single passage in eggs. Whole gene segments of the virus stock were sequenced, as described previously [33] . Briefly, vRNAs were applied to reverse transcription PCR, and the PCR products were cloned into a TA cloning vector and transformed into DH5a cells. Ten randomly selected Escherichia coli clones were picked, and the dominant sequence of each viral segment was determined by Sanger sequencing to ensure the absence of unwanted mutations.
Viral growth kinetics in MDCK and CEF cells MDCK and CEF cells were infected with the indicated viruses at an m.o.i. of 0.01 or 0.1 and incubated at 37 C. The virus inoculum was removed after 1 h, and the cells were washed twice with medium containing 0.2 % BSA and then incubated in medium at 37 C. At the indicated times p.i., virus titres in the cell culture supernatants were assayed as f.f.u. by focus-forming assays using MDCK cells.
Plaque assays
Confluent monolayers of MDCK cells were infected with the indicated viruses and incubated at 37 C in agarmaintenance medium. Cells were fixed with 10 % formalin at 4 days p.i., and the monolayers were stained with crystal violet, as described previously [33] .
Intracellular progeny vRNA production in MDCK cells MDCK cells were infected with the indicated viruses at an m.o.i. of 0.5. Each virus inoculum was removed after 1 h, and the cells were washed two times with PBS, followed by further incubation in medium at 37 C. At 16 h p.i., the cells were washed two times with PBS, and cellular total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific). Intracellular vRNA copy numbers were measured by quantitative real-time RT-PCR as described previously [16, 32] .
Homology modelling of EGD1 polymerase mutants
The crystal structure of the heterotrimeric polymerase complex of influenza virus A/little yellow-shouldered bat/Guatemala/060/2010 (H17N10) bound to the vRNA promoter (Protein Data Bank ID code 4WSB) [19] was used as a template for homology modelling of EGD1 and the indicated EGD1 variants by the Molecular Operating Environment (MOE, http://www.chemcom.com), as previously described [16] . After homology modelling, molecular optimization was carried out, and the interaction energy (IntE) between each polymerase residue in the complex was calculated.
For further calculation, fragment molecular orbital (FMO) calculation [34] was carried out for EGD1 and EGD1-V3D mutant. For FMO calculation, ABINIT-MP6.0+ was used for software, and the calculation level was MP2/6-31g*.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism Version 6 software (GraphPad Software).
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